ABSTRACT To the best of our knowledge, a phase-modulated hybrid high-speed Internet/wireless local area network (WLAN) wireless fidelity (Wi-Fi)/pre-fifth-generation (Pre-5G) in-building network over an integration of single-mode fiber (SMF), phonic crystal fiber (PCF), and graded index-plastic optical fiber (GI-POF)/invisible laser light communication (IVLLC) transmission is feasibly demonstrated for the first time. An effective fiber Bragg grating (FBG)-based phase modulation (PM)-to-intensity modulation (IM) conversion scheme is adopted to replace the sophisticated dispersion-induced PM-to-IM conversion scheme or costly delay interferometer (DI). This proposal is the first one to deliver high-speed Internet, WLAN Wi-Fi, and Pre-5G broadband heterogeneous services so as to bridge fiber backhaul and in-building network. The light is phase-modulated with 4-Gb/s four-level pulse amplitude modulation (PAM4) (high-speed Internet), 24-Mbps/2.4-GHz microwave (MW) (WLAN Wi-Fi), and 5-Gb/s/3.5-GHz 16-quadrature amplitude modulation-orthogonal frequency-division multiplexing (Pre-5G) data signals over 41.44-km fiber link (40-km single-mode fiber + 1.44-km photonic crystal fiber) with 30-m GI-POF/IVLLC transmission. Bit error rate, PAM4 eye diagrams, error vector magnitude, and constellation map are examined to perform well to reveal the practicality of constructing a phase-modulated hybrid high-speed Internet/Wi-Fi/Pre-5G in-building network.
I. INTRODUCTION
Following with the evolution of fiber-to-the-home (FTTH) technology, wireless broadband access has attracted considerable attention to connect the last-mile between fiber backhaul and in-building network [1] - [6] . Wireless broadband access is an attractive technology for providing present and future technologies such as immersive virtual reality and augmented reality, 4K/8K video streaming, high-speed Internet, wireless local area network (WLAN) wireless fidelity (WiFi), and prefifth-generation (Pre-5G) mobile communications [7] - [10] . Because of RF power limitation, however, it is restricted
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in wireless access distance. The increasing demands boost the requirements for high transmission capacity not only for fiber backhaul but also for last-mile in-building network. Single-mode fiber (SMF) has built an unquestionable status to transport optical signals at present. Nevertheless, as the SMF is utilized for in-building network, installation convenience and installation cost are critical concerns should be mitigated. It is to be found that SMF-based optical network is not the best choice for the implementation of in-building network. To mitigate these critical concerns, new in-building network medium or scheme is needed. Graded index-plastic optical fiber (GI-POF) medium and invisible laser light communication (IVLLC) scheme have been progressed with excellent optical attributes [11] , [12] . Noticeable advantages will be provided by the deployment of GI-POF medium or IVLLC scheme for constructing the in-building network. They are promising solutions for last-mile applications because they can mitigate the critical concerns of installation convenience and cost. SMF with relative smaller core size and larger bending radius needs skilled technician and high installation cost to build the in-building network. Given that GI-POF has relative larger core size and smaller bending radius, it can be spliced and handled easily for the construction of inbuilding network [13] - [15] . Consequently, GI-POF is one of the optimum transmission media to bridge fiber backhaul and in-building network. As for IVLLC scheme, IVLLC scheme has attracted considerable attention for the deployment of in-building network due to several advantages over the conventional RF-based in-building network. IVLLC-based inbuilding network possesses a powerful platform for providing developed and developing services by exploiting the features of optical wireless communications [16] , [17] . In comparison with RF-based in-building network, IVLLC-based inbuilding network is enhanced with long-reach free-space transmission to conquer the limited wireless access distance. Accordingly, IVLLC is a suitable scheme to connect fiber backhaul and in-building network.
In this demonstration, a phase-modulated hybrid highspeed Internet/WiFi/Pre-5G in-building network over 41.44 km fiber link [40 km SMF + 1.44 km photonic crystal fiber (PCF)] with 30 m GI-POF/IVLLC transmission is proposed and practically demonstrated. Such proposed phase-modulated hybrid high-speed Internet/WiFi/Pre-5G inbuilding network is developed for optical wired/wireless broadband access (as illustrated in Fig. 1 ). Phase modulation (PM), which has the feature of constant power function [18] , [19] , is anticipated to show good transmission performances in such hybrid high-speed Internet/WiFi/Pre-5G in-building network. Same as previous phase-modulated systems, this phase-modulated hybrid high-speed Internet/WiFi/ Pre-5G in-building network requires sophisticated dispersioninduced PM-to-intensity modulation (IM) conversion scheme [20] or expensive delay interferometer (DI) [21] to transform the phase-modulated optical signal into the intensity-modulated optical signal. Phase-modulated operation can substantially enhance the overall performances. Nevertheless, the sophisticated dispersion-induced PM-to-IM conversion scheme or costly DI is severe restriction for implementing such hybrid high-speed Internet/WiFi/Pre-5G in-building network. To overcome the restriction posed by elaborative dispersion-induced PM-to-IM conversion scheme or expensive DI, a fiber Bragg grating (FBG)-based PM-to-IM conversion scheme is developed by reducing the optical carrier and two sidebands with different proportion [22] . With wavelength alignment, the upper (lower) sideband with different phase can will be removed. Thus, the phasemodulated optical signal will be successfully transformed into the intensity-modulated optical signal. In previous studies, FBG-based PM-to-IM conversion scheme has been used in fiber-optic links [23] , [24] . But its application in phase-modulated hybrid high-speed Internet/WiFi/Pre-5G inbuilding networks has not addressed. To our understanding, a phase-modulated hybrid high-speed Internet/WiFi/Pre-5G in-building network with an FBG-based PM-to-IM conversion scheme is practically demonstrated for the first time. The light is externally modulated with 4 Gb/s fourlevel pulse amplitude modulation (PAM4) (high-speed Internet), 24 Mbps/2.4 GHz microwave (MW) (WiFi) and 5 Gbps/3.5 GHz 16-quadrature amplitude modulation (QAM)-orthogonal frequency-division multiplexing (OFDM) (Pre-5G) data signals to meet the bandwidthdistance product requirement of GI-POF. With an in-depth investigation, bit error rate (BER), PAM4 eye diagrams, error vector magnitude (EVM), and constellation map are observed H. K. Al-Musawi et al. demonstrated a fourth generation long-term evolution (4G-LTE) hybrid radio over multimode fiber with free-space optical (RoMMF-FSO) system for last-mile access network [3] . However, the fiber link of 1 km MMF is far less than the 40 km SMF with 1.44 km PCF adopted in this proposed hybrid in-building network. Moreover, such 4G-LTE hybrid RoMMF-FSO system is developed for optical wireless access. Whereas our proposed hybrid high-speed Internet/WiFi/Pre-5G in-building network is developed for optical wired and wireless broadband access. A. E. Morra et al. analyzed the impact of fiber nonlinearity on 5G backhauling via mixed FSO/fiber network [4] . Nevertheless, a 5G backhauling fiber-FSO convergence is less flexible than the proposed hybrid high-speed Internet/WiFi/Pre-5G fiber-FSO/fiber-POF convergence. M. Morant et al. achieved an integrated FTTH and in-building fiber-coax OFDM field trial [6] . Nonetheless, hybrid fibercoax architecture is not the optimum solution for the implementation of in-building network due to the bandwidth limitation of coaxial cable. F. Forni et al. established a hybrid PAM4/LTE-Advanced/WLAN/wireless sensor network home area network over 50-m GI-POF transmission [9] . However, the fiber link of 50-m GI-POF is considerably shorter than the related value of 41.44 km delivered in our proposed network. This illustrated phase-modulated hybrid in-building network is presented to be a notable one not only due to its enhancement in the convergence of fiber backhaul and in-building network but also because of its benefit for supplying broadband integrated services. It presents a practical scenario that outperforms existing last-mile access networks. Whereby, our proposed framework is suitably applicable to the fiber backhaul with in-building network for affording optical wired/wireless broadband access. A two-channel pseudorandom bit sequence (PRBS) pattern generator produces two binary PRBS data streams with an aligned clock at 2 Gb/s with a length of 2 15 -1. A PAM4 converter is adopted to transform two 2 Gb/s non-return-tozero signals into a 4 Gb/s (2 Gbaud) PAM4 signal. Given that PAM4 linearity is a vital factor, a linear driver with high-linearity is employed to linearize the PAM4 signal. Subsequently, the 4 Gb/s PAM4 signal is picked by a 2-GHz low-pass filter (LPF) so as to remove the outer electrical signals. Moreover, a 24-Mbps data stream is integrated with a 2.4-GHz RF carrier to produce a 24 Mbps/2.4 GHz MW data signal. Furthermore, a 16-QAM-OFDM data signal is produced by MATLAB program and sent to an arbitrary waveform generator. This 16-QAM-OFDM data signal is characterized by 128 subcarriers, 512 FFT size, 5 G samples per second, 3.5 GHz intermediate frequency, and 1.25 GHz bandwidth. To meet the target of 5 Gbps data rate, 128 data subcarriers are assigned in 512-point FFT window [5G samples per second × (128 data subcarriers/512 FFT size) × 4 = 5 (Gbps)]. The lowest and highest frequencies are located at 2.875 GHz (3.5 -1.25/2) and 4.125 GHz (3.5 + 1.25/2), respectively. Subsequently, the 4 Gb/s PAM4, 24 Mbps/2.4 GHz MW, and 5 Gbps/3.5 GHz 16-QAM-OFDM data signals are integrated utilizing a 3×1 RF combiner and supplied to the phase modulator. Appropriate hybrid signal power levels are fed to modulate the phase modulator, bringing on the production of optical carrier and the first-order sidebands. This phase-modulated optical signal is enhanced by an erbium-doped filter amplifier (EDFA), controlled by a variable optical attenuator (VOA), and transported through a fiber span of 41.44 km. The VOA is placed at the beginning of the 41.44 km fiber link, not only to control the optical power level but to bring about less distortions because the optical power inputted into the fiber will be less. Fiber link with a fiber length of 41.44 km comprises 40 km SMF and 1.44 km PCF. Within C band (1530 − 1560 nm), the PCF possesses a high negative dispersion coefficient (−264 ps/nm/km to -1410 ps/nm/km). At a wavelength of 1549.13 nm, the dispersion coefficient of PCF is −473 ps/nm/km. Over 41.44 km fiber link (40 km SMF + 1.44 km PCF), the total fiber dispersion will be approaching zero [(17 ps/nm/km × 40 km) + (−473 ps/nm/km × 1.44 km) = −1.12 ps/nm]. To deploy a short length of PCF into the fiber link, total fiber dispersion can be significantly reduced so as to improve the dispersion tolerance.
II. EXPERIMENTAL SETUP
Through a fiber span of 41.44 km, the optical signal is reflected by an FBG (λ c = 1549.02 nm) and split by an optical splitter. To prevent the wavelength shift of FBG induced by the temperature variation, the wavelength variation of FBG is ∼0.03 nm/ o C. It is important to delicately control the wavelength shift of FBG. A portion of optical signal travels through 30 m GI-POF (Chromis GigaPOF50SR) with a core diameter of 50µ, a total power loss of 4.2 dB, and a maximum bandwidth-distance product of 150 MHz·km [25] . Another portion of optical signal is sent to a 30-m free-space link employing a set of doublet lenses. A set of doublet lenses is adopted to send out laser light from the ferrule of fiber to the free-space and to couple laser light from the freespace to the ferrule of fiber. At the receiver end, a convergent design should be deployed to converge and guide laser light into the ferrule of fiber [26] , [27] . The operation of doublet lens 2 is to converge and guide laser light into the ferrule of fiber. Through 30 m GI-POF/IVLLC link, the optical signal is split by a 1×3 optical splitter. For upper path (A), the optical signal is received and enhanced by a low-bandwidth photodiode (PD) with a trans-impedance amplifier (TIA) receiver, passed through a 2-GHz LPF to filter the 4 Gb/s PAM4 signal, and equalized by an equalizer. After electrical equalization, real-time BER measurement is executed using a 28 Gb/s error detector. Besides, a digital storage oscilloscope is deployed to seize the eye diagrams of the transported 4 Gb/s PAM4 signal. For middle path (B), the optical signal is received by a PD with 3 dB bandwidth of 5 GHz, boosted by a lownoise amplifier (LNA) with 3 dB bandwidth of 2.4 GHz, selected by a 2.4-GHz band-pass filter (BPF) to select the 24 Mbps/2.4 GHz MW data signal, and down-converted by a 2.4-GHz local oscillator with a mixer. After data recovery, 24 Mbps data streams are evaluated by a BER tester (BERT). As for lower path (C), the optical signal is received and amplified by a 5-GHz PD and LNA, went through a 2.8-GHz high-pass filter (HPF) to choose the 5 Gbps/3.5 GHz 16-QAM-OFDM data signal, seized by a communication signal analyzer, and post-processed by MATLAB program to calculate the BER value and the corresponding constellation map. Delivering 4 Gb/s PAM4 baseband signal in parallel with 24 Mbps/2.4 GHz MW and 5 Gbps/3.5 GHz 16-QAM-OFDM data signals in in-building network is feasible provided that the spectra are separated to avoid the interferences among these three bands. Two 2-GHz LPFs are adopted at the transmitter and in-building sides to filter out the interferences induced from 2.4 GHz and 3.5 GHz bands. A 2.4-GHz BPF is employed at the in-building side to mitigate the interactions caused by 2 GHz and 3.5 GHz bands. And further, a 2.8-GHz HPF is deployed at the in-building side to reduce the impairments due to 2 GHz and 2.4 GHz bands.
B. FBG-BASED PM-TO-IM CONVERSION SCHEME
The reflective spectra of the FBG (λ c = 1549.02 nm) deployed in the hybrid in-building network is presented in Fig. 3 . It can be seen that the wavelength of position P matches up the central wavelength of optical carrier (1549.13 nm). As the wavelength of optical carrier moves toward position P, the FBG operates as a tilt filter so as to partially reduce the optical carrier and totally filter out the upper sideband (red dotted lines in Fig. 3) . Given that the optical carrier and the optical sidebands experience different power reduction, an optical PM-to-IM conversion is effectively attained. Moreover, it is to be found that an optical single sideband (OSSB) signal is achieved and a reduced optical carrier-to-sideband ratio (OCSR) is acquired as optical PM-IM conversion is obtained. For OSSB format, the transmission performance improves with the decrease in OCSR [23] , [28] . Consequently, an optical PM-IM conversion is accomplished followed by a reduced OCSR and an improved transmission performance. As the OCSR has the optimum value of 0 dB (as shown in Fig. 3 ), this proposed phasemodulated hybrid in-building network will have the optimum transmission performances in view of the lowest BER and EVM, as well as the clearest eye diagrams and constellation map.
III. EXPERIMENTAL RESULTS AND DISCUSSIONS
Figs. 4(a), 4(b), and 4(c) display the electrical spectra of the hybrid 4 Gb/s PAM4 baseband signal, 24 Mbps/2.4 GHz MW and 5 Gbps/3. (Fig. 4(a) ), due to the use of 1.44 km PCF to considerably reduce the fiber dispersion induced by 40 km SMF transport, as well as the use of 2 GHz LPFs, 2.4 GHz BPF, and 2.8 GHz HPF to filter out the interferences due to beatings among these three bands. The 2 GHz LPF possesses 2 GHz 3-dB bandwidth and 2.4 GHz 30-dB bandwidth, the 2.4 GHz BPF possesses 2.4 GHz 3-dB bandwidth and 2.414 GHz 60-dB bandwidth, and the 2.8 GHz HPF possesses 2.8 GHz 3-dB bandwidth and 2 GHz 45-dB bandwidth. Given that small frequency separations exist, LPF, BPF, and HPF with sharp filter responses are required to mitigate the adjacent channel interferences. Moreover, it is to be found that the interferences existed in Fig. 4 (b) are obviously higher than those existed in Fig.  4 (c). Higher interferences are mainly attributed to the modal dispersion induced by 30 m GI-POF transmission. Modal dispersion is a substantial parameter that worsens the performances of in-building network. Longer GI-POF length produces larger modal dispersion, thus bringing on higher interferences and poorer transmission performances. However, since that the length of GI-POF is only 30 m, the interferences and performance degradations due to modal dispersion is limited. In addition, the bandwidth-distance product of 30 m GI-POF is 123.75 MHz·km (4.125 GHz × 30 m), which satisfies the GI-POF bandwidth-distance product demand (<150 MHz·km) [29] . It signifies that the interferences and performance degradations because of 30 m GI-POF is tolerable. As the length of GI-POF reaches 36.36 m, the bandwidthdistance product approaches to 150 MHz·km (4.125 GHz × 36.36 m). It closely satisfies the bandwidth-distance product requirement. Conclusively, as the GI-POF is longer than 36.36 m, the interferences and performance degradations owing to modal dispersion is intolerable. Furthermore, it is to be observed that the interferences presented in Fig. 4 (c) are somewhat higher than those presented in Fig. 4(a) by reason of more 30 m free-space transmission. Over 30 m freespace transmission, the performances are somewhat degraded because other lights from the surroundings are involved in the received lights as well [30] . Additionally, to have a direct connection with LPFs, BPF, HPF and the electrical spectrum, the electrical spectrum of the hybrid data signals without employing LPFs, BPF, and HPF for the scenario over 41.44 km fiber link is displayed in Fig. 4(d) . Clearly, the interferences shown in Fig. 4(d) are far higher than those shown in Fig. 4(a) . Accordingly, LPFs, BPF, and HPF play vital roles to suppress the interferences among these three bands.
Transporting 4 Gb/s PAM4 baseband signal, 24 Mbps/ 2.4 GHz MW and 5 Gbps/3.5 GHz 16-QAM-OFDM data signals concurrently over SMF, PCF, with GI-POF/IVLLC transmission is quite challenging. Thereby, a phase-modulated hybrid high-speed Internet/WiFi/Pre-5G in-building network with suitable frequency separations is definitely required.
If the central frequency of the 16-QAM-OFDM data signal is selected at a lower frequency, then it will be closer to the PAM4 baseband signal with the 2.4 GHz MW data signal. As a result, interferences will be increasingly induced among these three bands. The entire PAM4, 2.4 GHz MW, and 16-QAM-OFDM data signals will possess a smaller bandwidth and an enhanced bandwidth utilization efficiency. By contrast, if the central frequency of the 16-QAM-OFDM data signal is selected at a higher frequency, then it will be farther away the PAM4 baseband signal with the 2.4 GHz MW data signal. Consequently, interferences will be decreasingly induced among these three bands. The entire PAM4, 2.4 GHz MW, and 16-QAM-OFDM data signals will hold a larger bandwidth and a reduced bandwidth utilization efficiency will be. A trade-off exists between the frequency separation and bandwidth utilization efficiency. Hybrid data signals with smaller frequency separations bring on higher bandwidth utilization efficiency, but lead to higher interferences and worse performances. Hybrid data signals with larger frequency separations bring on lower bandwidth utilization efficiency, but result in higher bandwidth-distance product (>150 MHz·km) and poorer performances. Conclusively, hybrid data signals with optimum frequency separations bring on optimum bandwidth utilization efficiency, and contribute to optimum performances. attenuation because of 30 m free-space link and coupling loss for coupling laser light from convergent setup to the ferrule of fiber. IVLLC transport is affected by the atmospheric attenuation and the coupling loss of receiver end [31] - [34] . Over 30 m free-space transmission, an atmospheric attenuation of 0.2 dB occurs. For coupling laser light from doublet lens 2 to the ferrule of fiber, a coupling loss of 1.5 dB occurs. And thereby, a link budget of 1.7 dB (0.2 + 1.5) happens. The link budget of 1.7 dB exactly corresponds with the power penalty of 1.7 dB. In addition, comparing the power penalties of the GI-POF and IVLLC in-building networks shows that the power penalty of the GI-POF in-building network is worse than that of the IVLLC in-building network. Such power penalty degradation can be ascribed to the higher power loss (transmission loss and connection loss on account of different fiber types) and modal noise because of 30 m GI-POF transmission. As for PAM4 eye diagrams, three independent clear eye diagrams are acquired for the condition through 41.44 km fiber span with 30 m IVLLC transmission. Furthermore, eye diagrams with qualified quality are attained for the condition over 41.44 km fiber link with 30 m GI-POF transmission. For the scenario through 41.44 km fiber span with 30 m IVLLC transmission, the received optical power is −10.1 dBm to acquire a BER operation of 10 −9 . For the scenario through 41.44 km fiber span with 30 m GI-POF transmission, the received optical power is -7.3 dBm to make up for the optical signal-to-noise ratio (OSNR) reduction so as to attain a BER value of 10 −9 . Result shows that the OSNR for the scenario through 41.44 km fiber span with 30 m GI-POF transmission meets the minimum demand of 10 −9 BER operation.
The measured BER curves of 24 Mbps/2.4 GHz MW data signal for the scenarios over 41.44 km fiber link (40 km SMF + 1.44 km PCF), as well as over 41.44 km fiber link with 30 m GI-POF/IVLLC transmission, respectively, are presented in Fig. 6(a) . As BER is 10 −9 , a power penalty of 4.3 dB is observed between the scenarios over 41.44 km fiber link and over 41.44 km fiber link with 30 m GI-POF transmission. This 4.3 dB power penalty is contributed to the OSNR reduction owing to additional 30 m GI-POF transmission. A 30-m GI-POF transmission brings about optical power reduction and modal noise increment, by which leading to an increased BER. Besides, contrasting the power penalties of the IVLLC and GI-POF in-building networks reveals that the power penalty of the IVLLC in-building network is better than that of the GI-POF in-building network. Such power penalty improvement results from lower power loss (atmospheric attenuation and coupling loss of receiver end) because of 30 m free-space transmission. Furthermore, the EVM values under various GI-POF lengths with and without employing 2.4 GHz BPF are exhibited in Fig. 6(b) . Results show that the EVM is proportional to the length of GI-POF. The EVM increases rapidly because of aggregate modal dispersion induced by GI-POF. Modal dispersion brings on power fluctuation at the receiver end, by which decreasing the OSNR and limiting the length of the GI-POF. Signal quality at the in-building network must meet the WLAN specifications. For the IEEE 802.11n WLAN standard (24 Mbps/2.4 GHz), the EVM value should not exceed 15.85% for 16-QAM modulation format [9] . For 24 Mbps/2.4 GHz MW data signal; without employing 2.4 GHz BPF in the in-building side, the EVM value is satisfied at 18.5 m GI-POF length with a bandwidthdistance product of 76.31 MHz·km 2.4 GHz BPF, 47.44 MHz·km bandwidth-distance product improvement is attained as 2.4 GHz BPF is employed.
EVM can be related to the carrier-to-interference ratio (CIR) [35] :
where PAPR is peak-to-average-power ratio, and CIR is defined as 10·log[(average interference power)/(average carrier power)]. Obviously, the EVM is proportional to the 10 to the power of Fig. 7(b) ]. The BER reaches 10 −4 , which is well below the forward error correction (FEC) limit criterion of 3.8×10 −3 . 10 −4 BER value is qualified to establish a good-quality Pre-5G in-building network. If FEC coding is used in the system, then the BER performance can be further improved. It is well known that FEC coding can improve the BER value performance 10 −4 to 10 −9 [36] . Through 41.44 km fiber span with 30 m IVLLC transmission, a BER of 4.2×10 −5 and a somewhat clear constellation map are attained with the employment of 2.8 GHz HPF [ Fig. 7(c) ]. Competent BER value and constellation map are acquired to reveal the suitability of transporting 5 Gbps/3.5 GHz 16-QAM-OFDM data signal based on the convergence of SMF, PCF, and GI-POF/IVLLC scheme.
IV. SUMMARY AND CONCLUSION
A phase-modulated hybrid high-speed Internet/WLAN WiFi/Pre-5G in-building network with an FBG-based PMto-IM conversion scheme is experimentally demonstrated. This novel proposal is the first one to transport high-speed Internet, WLAN WiFi, and Pre-5G broadband heterogeneous services to client premises. The light is phase-modulated with 4 Gb/s PAM4 baseband signal, 24 Mbps/2.4 GHz MW and 5 Gbps/3.5 GHz 16-QAM-OFDM data signals over 41.44 km fiber link with 30 m GI-POF/IVLLC transmission to bridge fiber backhaul and in-building network. Instead of VOLUME 7, 2019 hiring a trained technician with high-precision tools to deploy SMF in in-building network, both GI-POF medium and IVLLC scheme are appropriate for in-building network shortreach applications. Brilliant BER performance, low EVM value, clear PAM4 eye diagrams, and acceptable constellation map are attained to show the practicability of building a phase-modulated hybrid high-speed Internet/WiFi/Pre-5G in-building network. Such demonstrated phase-modulated hybrid in-building network is shown to be a promising candidate for affording optical wired/wireless broadband access and opening an access to accelerate extensive applications over SMF, PCF, and GI-POF/IVLLC transmission. QI-PING HUANG was born in Nantou, Taiwan, in 1996. He received the B.S. degree from Feng Chia University, Taichung, Taiwan, in 2018. He is currently pursuing the M.S. degree with the Institute of Electro-Optical Engineering, National Taipei University of Technology (NTUT), Taiwan. His research interests include PAM4 transmission systems and fiber-wireless convergent systems.
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